1. Introduction {#sec1}
===============

Perylene diimides (PDIs) are attractive organic semiconductors for optoelectronic studies and organic photovoltaic technologies owing to their high optical absorption and fluorescence yield, high photochemical stability,^[@ref1]^ and strong electron-accepting properties. Among the most appealing characteristics of PDIs is the possibility to control the electronic structure and molecular packing by chemically functionalizing the molecule with a large variety of side groups. As such, they are often used to study energetic and molecular packing effects in connection to organic semiconductor device performance.^[@ref2]^ These electron acceptor molecules also offer an attractive alternative to fullerene acceptor molecules that are predominantly used in organic photovoltaic devices.^[@ref3]^ An additional aspect of this is that PDIs display unconventional processes such as singlet exciton fission with high efficiency and rate that can ultimately lead to device efficiencies surpassing the Shockley--Queisser limit.^[@ref4]−[@ref6]^ The reverse process, triplet--triplet annihilation up-conversion has also been demonstrated in PDIs.^[@ref7],[@ref8]^ Both processes can be used to boost organic photovoltaic device efficiencies.

Two key parameters that determine the performance of organic semiconductors in optoelectronic applications are the charge carrier mobility and the exciton diffusion length. However, only a few reports exist on experimentally determined PDI diffusion characteristics. To our knowledge, there are only three previously published studies on the PDI exciton diffusion length Λ~EXC~. The Λ~EXC~ values in solid-state thin films of phenylethyl imide-substituted PDI vary from 50 to 500 nm (with a 50 nm resolution)^[@ref9]^ to 2.5 ± 0.5 μm.^[@ref10]^ In addition, two studies on J-aggregates of PDIs in solution reported values of Λ~EXC~ = 70 nm^[@ref11]^ and Λ~EXC~ = 96 nm.^[@ref12]^ These values are in agreement with that of a related perylene compound, perylene tetracarboxyl dianhydride.^[@ref13]^ In a study on this material it was shown how the grain diameter strongly affects the nonradiative decay rate. In turn, the exciton diffusion length that has been determined via photoluminescence quenching was Λ~EXC~ = 6.5 ± 1.0 nm for a grain diameter of ±5 nm to Λ~EXC~ = 21.5 ± 2.5 nm for ±400 nm grain sizes. Some of these singlet exciton diffusion lengths are unusually long, considering that for most organic semiconductors singlet exciton diffusion lengths are in the range of 2--15 nm.^[@ref14]^ Therefore, the electronic and structural origins of the large singlet exciton diffusion lengths are interesting to study in PDIs. The second important electronic characteristic of organic semiconductors is the charge carrier mobility. There are several theoretical^[@ref15]−[@ref18]^ and experimental^[@ref17]−[@ref21]^ studies on PDIs reporting electron mobilities μ~e*--*~ ranging from 0.1 to 2 cm^2^/(V s). Some of these studies indicate that intermolecular orientation and distance strongly influence charge carrier mobility. This was explained by differences in molecular orbital overlap that affect the effective charge transfer integral between neighboring molecules.

The aim of this study is to investigate the interplay between morphology and optoelectronic properties, which is highly relevant considering the aforementioned renewed interest in PDI molecules as electron acceptors and the possible exploitation of singlet fission^[@ref6],[@ref22]^ and up-conversion in organic photovoltaic devices.^[@ref23],[@ref24]^ However, while the optical and charge carrier properties have been reported separately,^[@ref10],[@ref17],[@ref25]−[@ref27]^ no integrated study has been performed reporting on exciton diffusion and charge carrier dynamics using the same experimental technique, that is, time-resolved microwave conductivity. In fact, simultaneous knowledge on all these properties is essential for designing better chromophore systems for organics based optoelectronic devices.

To this end, we examine thin films of octyl (PDI-octyl) and hexylheptyl (PDI-hexhep) imide-substituted PDIs shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. PDI-octyl is a commonly used PDI for organic electronics related studies and has been shown to form large crystalline aggregates.^[@ref28]−[@ref31]^ PDI-hexhep is substituted with a branched alkyl chain that is commonly used to improve solubility by decreasing intermolecular π--π stacking between PDI cores.^[@ref28]^ The decreased electronic interaction between the π systems should provide clear differences in optoelectronic behavior between PDI-hexhep and PDI-octyl. Using electron and laser pulsed time-resolved microwave conductivity (TRMC) measurements we determined charge carrier mobilities of 0.32 and 0.02 cm^2^/(Vs) and corresponding exciton diffusion lengths of 60 and 20 nm for PDI-octyl and PDI-hexhep, respectively. These studies were performed on planar heterojunction systems of PDIs with zinc phthalocyanine (ZnPc) and polycrystalline titanium dioxide (TiO~2~) of which the electronic diagram is depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

![Chemical structure of (a) PDI-octyl and (b) PDI-hexhep and ZnPc and (c) energy diagrams for the fully organic PDI/ZnPc and TiO~2~/PDI planar heterojunction used in this study to investigate charge carrier kinetics and exciton diffusion.](ae9b01490_0001){#fig1}

2. Experimental Section {#sec2}
=======================

2.1. Sample Preparation and Characterization {#sec2.1}
--------------------------------------------

PDI-octyl (*N,N′*-dioctyl-3,4,9,10-perylenedicarboximide) and PDI-hexhep (*N′*-hexylheptyl-3,4,9,10-perylenedicarboximide) were synthesized from perylene-3,4,9,10 tetracarboxylic acid dianhydride as purchased from Sigma-Aldrich according to procedures published elsewhere.^[@ref32]^ The ZnPc powder was purchased from TCP and used without further modification. The polycrystalline TiO~2~-coated fused silica substrates (∼90 nm thickness) were purchased from *Everest Coatings, Inc.* and treated at 450 °C for 2 h in a furnace. Pulse radiolysis time-resolved microwave conductivity (PR-TRMC) measurements were performed on PDI powders and flash photolysis TRMC measurements were carried out on thin films. Thin films of PDI and ZnPc powders were deposited on fused silica substrates by thermal evaporation in an *AJA ATC Orion evaporator*. Prior to deposition, the substrates (*ESCO*, 12 × 25 × 1 mm) underwent an air plasma treatment (2 min, 1000 mTorr) to clean and charge the substrate surface. During deposition, the powders were heated to their sublimation temperature (180--230 °C) under high vacuum conditions (10^--7^--10^--6^ mbar) and heated further until the desired evaporation rate was reached (0.3 Å/s). The deposition rate was monitored using a quartz microcrystal balance. The fused silica substrates were heated to 150 °C during PDI deposition to promote crystallization and were brought back to room temperature prior to ZnPc evaporation in order to prevent blending of the organic layers. TiO~2~ thin films on fused silica underwent the same processing to fabricate the TiO~2~/PDI planar heterojunctions except for the substrates heating step. During deposition the substrate holder rotated the substrates at 25 rpm to ensure film homogeneity.

The thin film surface morphology was imaged using an Extreme-Resolution Analytical Field Emission SEM *JEOL-7800F Prime Extreme*. The images were recorded under high vacuum with an upper electron detector (UED) and a lower electron detector (LED) to measure secondary and backscattered electrons. The resolution of the images was enhanced by occasionally sputtering the organic films with a 5 nm thick Pt layer (*sputter coater Leica EM ACE600*). The film thickness was determined using a step-profilometer (*Veeco Dektak 8 Stylus step-profilometer*) and are listed in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf). X-ray diffractograms were acquired using a *Brüker D8* X-ray diffractometer (Co Kα1 radiation, λ = 1.79 Å) and analyzed with the Brüker program *EVA*. Steady-state absorption spectra were obtained using a *PerkinElmer Lambda 1050* spectrometer with the sample placed inside and in front of an integrating sphere to measure attenuation and transmission, respectively. Emission and excitation spectra of solutions and thin films were recorded with a *FLS980 Edinburgh Instruments* spectrometer. Time-resolved photoluminescence experiments were performed with a *Hamamatsu C5680* streak camera coupled with a *Princeton Instruments* spectrograph. The excitation wavelength was created via frequency doubling using a *Coherent Chameleon* oscillator operating at a repetition rate of 80 MHz.

2.2. Pulse Radiolysis Microwave Conductivity {#sec2.2}
--------------------------------------------

The PDI charge carrier mobilities were measured in pulse radiolysis TRMC measurements. An extensive description of the PR-TRMC technique and its capabilities can be found elsewhere.^[@ref33],[@ref34]^ In this technique, the powder sample is irradiated with a 1--50 ns duration pulse of high-energy electrons (3 MeV) generated by a Van de Graaff accelerator that creates low concentration (micromolar) but uniformly distributed positive and negative carrier densities. Subsequently, the time-resolved conductivity of the sample is probed by monitoring the attenuation of reflected microwave power (frequency 28--38 GHz, maximum electric field strength in the sample is 10 V/m). The fractional change in microwave power reflected by the cell (Δ*P*(*t*)/*P*) relates to the change in conductivity Δ*σ*(*t*) asThe initial concentration of charge carrier pairs, that is, electrons and holes *n*~P~ can be estimated using dosimetry measurements combined with a charge-scavenging model. From this estimate of the carrier concentration, a summed charge carrier mobility Σ*μ*~TRMC~ can be calculated according towhere *Σμ*~TRMC~ is the sum of electron and hole mobility that both contribute to the conductivity and are indistinguishable in the experiment. Almost all known crystal structures show that PDIs preferentially stack in a one-dimensional columnar geometry. Therefore, we derive an intracolumnar mobility that equals three times the isotropic value obtained from the TRMC conductivity measurementsThe measured mobility values in PR-TRMC are related to the charge transfer rate between PDI molecules in the ordered crystallite. An expression for the charge transfer rate ν, between PDI molecules is provided by Marcus theory^[@ref35],[@ref36]^where *J*~eff~ is the effective charge transfer integral between neighboring molecules that depends on the mutual orientation and distance, λ is the reorganization energy, *T* is the temperature, and *k*~B~ is Boltzmann's constant. Provided that the PDIs self-assemble in columnar crystalline stacks without structural fluctuations, the charge transfer integrals for PDI molecules in such a stack are identical and the charge carrier mobility in the direction along the stack *μ*~1D~ can be calculated according to the relation involving an expression for the charge carrier diffusion coefficient *D*~CHARGE~ = *νd*^*2*^([@ref37])In [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}, *d* is the intermolecular distance in a PDI stack. Note that for a given value of the charge transfer rate, ν, the charge carrier mobility scales with the square of *d*, however, for large values of *d* the charge transfer integral, *J*~eff~, and hence, ν, will be smaller, see [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}. The charge carrier mobility can be used to provide an estimate of the charge carrier diffusion coefficient *D*~CHARGE~ according to the Einstein--Smoluchowski relationwhere *q* is the elementary charge.

2.3. Flash Photolysis Microwave Conductivity {#sec2.3}
--------------------------------------------

The diffusion length of the PDIs were studied with the laser pulsed TRMC technique. These TRMC measurements were performed on a home-built setup of which the operating principles are described elsewhere.^[@ref38]^ In this technique, optical excitation of the sample occurs via 3 ns full width half-maximum (fwhm) laser pulses (λ = 240--2200 nm). The sample is probed by continuous X-band microwaves (∼8.4 GHz) in a microwave resonant cavity cell, that defines the instrument response function to 18 ns. The fractional change in microwave power reflected (Δ*P*/*P*) is related to a change in photoconductance, Δ*G*(*t*), asIn [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}, *K* is the microwave frequency dependent sensitivity factor that has a predetermined value of 40 × 10^3^ S^1--^ for the current experimental conditions.^[@ref39]^ Δ*G*(*t*) is directly proportional to the product of the charge carrier density *n*~*i*~ and mobility *μ*~*i*~ according toIn [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}, *e* is the elementary charge, *L* the film thickness, and β the ratio between the inner width and length dimensions of the microwave waveguide. The index "*i*" runs over all charged species present, that is, electrons and holes both contribute to the photoconductance. The photoconductance transients can be deconvoluted for the instrumental response function using the cavity response function profile (LP(*t*)):In [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"}, Δ*G*~0~ is the initial photoconductance prior to charge carrier decay and ⊗ indicates the convolution between LP(*t*) and Δ*G*~0~. *c*~*i*~ and *τ*~*i*~ are the exponent and decay time characteristic of the *i*-th transient decay component. The sum of all decay components account for all recombination processes occurring in the sample. Δ*G*~0~ can be used to obtain a value for the product of the incident photon to charge carrier generation yield, *η*~*0*~, and the sum of electron and hole mobility, Σμ, as^[@ref40]^In [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}, *I*~0~ is the measured incident photon fluence, and *F*~R~ is the fraction of reflected incident photons as deduced from attenuation and transmission measurements.

The applied fitting function to determine the exciton diffusion length Λ~EXC~ was described by Kroeze et al. for steady state illumination and has since been applied to study singlet and triplet exciton diffusion for organic semiconductors in various heterojunction systems.^[@ref41]−[@ref44]^ Such function is used to fit the experimentally measured *η*~*0*~Σμ and has the following general form:In [eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"}, *φ*~CS~ is the interfacial charge separation yield that is a function of *S*, the fraction of charges that reaches the interface. *S* is a function of the absorption coefficient α, *L*, and Λ~EXC~. It should be noted that *φ*~CS~ can only be disentangled from the product *η*~*0*~Σμ if the mobility of the generated charge carriers is known. For the bilayers with TiO~2~, this approach is discussed below. However, for the PDI-ZnPc bilayers this is not possible. Nevertheless, since Λ~EXC~ is independent of the mobility, it can be directly obtained from the thickness dependence, as discussed below. The expression for *S* is provided in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf) and depends on the illumination side (front side (FS) and back side (BS)) and whether exciton reflection or quenching occurs at the nonheterojunction interface of the system. To determine Λ~EXC~, planar heterojunction systems were measured by front side and back side illumination and by varying the PDI film thickness *L*. The measured values for *η*~*0*~Σμ are fitted with [eqs [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"} and [S2](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf) using a predetermined value for α to obtain the indistinguishable product term *φ*~CS~Σμ and Λ~EXC~. Similar fitting functions, that is, [eqs [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"} and [S3](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf), were applied to TiO~2~/PDI heterojunctions. However, instead of varying the PDI layer thickness, an action spectrum was measured acting to vary α. The singlet exciton diffusion coefficient *D*~EXC~ can be calculated using the relationwhere *τ*~EXC~ is the singlet exciton lifetime obtained from photoluminescence measurements.

3. Results and Discussion {#sec3}
=========================

3.1. Crystallinity and Charge Carrier Transport in PDI Powders {#sec3.1}
--------------------------------------------------------------

We first investigate the effect of the PDI imid substitution on molecular packing using X-ray powder diffraction and the resulting charge carrier mobility using pulse radiolysis conductivity experiments. The X-ray diffractograms of PDI-octyl and PDI-hexhep powders in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a display strong differences in reflection intensity. PDI-octyl has a pronounced \[001\] reflections that is consistent with the known crystal structure,^[@ref30],[@ref31]^ contrary to the less-well resolved PDI-hexhep diffractogram that indicates rather poor crystallinity. This is consistent with the expected effect of the branched side chains that disrupt the solid-state packing. The radiation induced conductivity transients obtained from PR-TRMC measurement for PDI-octyl and PDI-hexhep powders are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. During the 10 ns electron pulse, the conductivity increases linearly with time due to the formation of mobile charge carriers. Subsequently, recombination of electrons and holes or trapping of charges at impurities cause the conductivity to decay. The conductivity of PDI-octyl is an order of magnitude higher than that of PDI-hexhep. The sum of the electron and hole mobility Σμ derived from these transients are Σμ~1D~ = 0.32 for PDI-octyl and 0.02 cm^2^/(V s) for PDI-hexhep. According to estimates based on Marcus theory made by Delgado et al. for PDI-pentyl, which has a similar crystal packing as PDI-octyl, the values of the electron and hole mobility of PDI-octyl are μ~e--~ = 0.1 cm^2^/(V s) and μ~h+~ = 2.1 cm^2^/(V s), respectively. These values are larger than what we experimentally find for PDI-octyl, but this can easily be understood by realizing that the calculated values do not account for any static or dynamic structural disorder.^[@ref15],[@ref16]^ For PDI-hexhep such calculations are not possible since no crystal structure is known. The mobility of PDI-octyl is among the highest values obtained for perylene diimides^[@ref45]^ and is attributed to columnar packed PDI units. Such columnar structures are also observed in XRD and SEM measurements of the thin films shown later. The more ordered structure of PDI-octyl, as shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf), compared to PDI-hexhep leads to a larger effective orbital overlap and thus higher mobility values.^[@ref15]^

![(a) Powder X-ray diffractograms of PDI-octyl and PDI-hexhep with the pronounced \[001\] reflection of PDI-octyl and a 4500x zoomed-in view in the inset. (b) Dose normalized radiation induced conductivity transients for PDI-octyl and PDI-hexhep at room temperature using a 10 ns electron pulse.](ae9b01490_0002){#fig2}

3.2. Solid-State Packing and Thin Film Morphology {#sec3.2}
-------------------------------------------------

The X-ray diffractograms of PDI films in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} reveal one reflection for PDI-octyl at 5.1° and PDI-hexhep at 5.86°. This corresponds to intercolumnar spacings of 20.1 and 17.5 Å, respectively. The preferential crystal orientation of PDI-octyl and -hexhep are in accordance with literature.^[@ref19],[@ref30],[@ref45]^ Comparison of the powder with the thin film diffractograms shows the preferred crystal orientation in the thin film since it only has one reflection, in contrast to the powder spectrum. The extent of crystallization of PDI-octyl does not seem to be larger than in PDI-hexhep. This observation is supported by an estimation of the crystalline domain size (provided in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf)) using the Scherrer equation. The estimate shows that PDI-hexhep has similar crystalline domains ranging from 29 to 131 nm, while in PDI-octyl it ranges from 28 to 97 nm.

![X-ray diffractograms for annealed (150 °C) single layer thin films on fused silica of (a) PDI-octyl and (b) PDI-hexhep with thicknesses ranging from 15 to 500 nm.](ae9b01490_0003){#fig3}

Previous studies have shown that the formation of organic thin films depends on the substrate properties.^[@ref20],[@ref31],[@ref46]^ We use fused silica and TiO~2~ as a substrate to investigate a possible relation between substrate type and the solid-state packing of the PDIs. In [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, SEM images are displayed of the PDI film surface morphology on both fused silica and TiO~2~. The films are not annealed and are carefully coated with a Pt layer (3 nm) to allow better imaging. The PDI-octyl layer on fused silica is composed of rod like domains with lengths up to 500 nm. Similar but rougher structures exist on TiO~2~ owing to the rougher TiO~2~ surface ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf)). The PDI-hexhep layer on fused silica lacks structure, while on TiO~2~, we do observe irregular shaped features with diameters up to hundreds of nanometers. The similarity between PDI surface morphology on fused silica and TiO~2~ is substantiated by an identical position and width of the reflection in the XRD diffractogram of PDI-octyl and PDI-hexhep on fused silica and TiO~2~ ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf)). Upon annealing the film, PDI-octyl and -hexhep both form large rod-like filaments of lengths exceeding a micrometer, as displayed in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf). As mentioned, the annealed films were used in the PDI/ZnPc heterojunctions, while the unannealed variants in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} were used in the TiO~2~/PDI heterojunctions. We observe similar sizes of filamental structures in all film thicknesses although the film surface roughens ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf)).

![Scanning electron microscope images for 100 nm thick films of PDI-octyl (left) and PDI-hexhep (right) on fused silica and TiO~2~ substrates. Scale bars indicate the size of the features at 10 000× magnification.](ae9b01490_0004){#fig4}

3.3. Optical Properties of Thin Films {#sec3.3}
-------------------------------------

In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, we display the absorption spectra of films of PDI-octyl and PDI-hexhep on fused silica and PDI-octyl in solution. In solution, the absorption spectrum of both PDIs is identical ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf)) and shows the characteristic PDI absorption in the 450--550 nm region with three bands centered at 460, 490, and 530 nm that belong to the π--π\* transition of the PDI aromatic core involved in the vibronic progression of the S~0~--S~1~ conversion.^[@ref26],[@ref27]^ In the solid-state, PDI-octyl and PDI-hexhep show aggregate formation and more particular, H-type structures (visible from the 550 nm absorption shoulder).^[@ref26],[@ref47],[@ref48]^ The stronger red shift in the absorption onset of PDI-octyl (570 nm) than -hexhep (540 nm) indicates stronger excitonic interaction in PDI-octyl.^[@ref27]^ The shape of the absorption spectrum of PDI-octyl and PDI-hexhep resembles that of their excitation spectrum. However, the emission intensity of PDI-octyl is less at lower wavelength, which points to the presence of a nonradiative decay pathway. The effect of solid-state packing is also visible in the emission spectra shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b. The PDI emission spectrum in solution has three distinct emission features, while in the thin films, these features broadened strongly and an overall emission redshift is observed. This redshift in the emission in PDIs is commonly attributed to the presence of emissive excimer states that form upon aggregation.^[@ref49],[@ref50]^ We recently carried out a study in which we showed that bromination in the bay area prevents the formation of excimer states that are a competing decay channel for singlets, next to singlet fission.^[@ref51]^ The thin film photoluminescence lifetime of PDI-octyl and PDI-hexhep are *τ*~EXC~ = 0.55 ns and *τ*~EXC~ = 1.13 ns, respectively, as determined from a monoexponential decay fit on fluorescence decays as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c. In our previous study, we estimated an *τ*~EXC~ = 890 ps for PDI-octyl, which was longer than in the present study, as we presently used a streak camera setup that has a faster detection limit. The shorter fluorescence lifetime of excitons in PDI-octyl may be another indication of its improved packing as PDI-hexhep has a fluorescence lifetime that is more similar to that in solution (*τ*~EXC~ = 4.5 ns).^[@ref4]^

![(a) Absorption spectra (α on left axis) and fluorescence excitation spectra (right axis) of PDI-octyl and PDI-hexhep films and (b) emission spectra thin films. The absorption (ε on left axis) and emission spectra of PDI-octyl in 1 × 10^--5^ M CHCl~3~ solution has also been added in blue. (c) Fluorescence decays of annealed thin films of PDI-octyl (emission at 687 nm) and PDI-hexhep (emission at 630 nm) (dots) upon 460 nm photoexcitation (300 μW) and their monoexponential fit (solid lines).](ae9b01490_0005){#fig5}

In [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, we show the effect of the substrate on the PDI absorption. For unannealed PDI-octyl on TiO~2~, we observe absorption features that are more similar to those in solution. In contrast, the optical absorption of PDI-hexhep lacks a strong substrate dependence shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b. The effect on PDI-octyl may be explained by the rougher TiO~2~ topology or different interfacial tension that negatively affects close packing, although no strong differences are observed in domain sizes. Since PDI-hexhep did not display strong aggregation on fused silica, the difference with TiO~2~ may be expected to be smaller. XRD measurements confirm that aggregates of PDI-octyl and PDI-hexhep are formed to the same extent on both substrate types with identical crystal phase ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf)). We therefore expect little effect of the substrate on the charge carrier and exciton transport properties.

![(a) Absorptance spectra of unannealed 50 nm PDI-octyl thin film on uncoated fused silica and TiO~2~ and (b) a similar plot for a 50 nm PDI-hexhep thin film upon front side (FS) and back side excitation (BS). The insets show the absorptance spectra normalized to the absorption maximum at around 490 nm. They show the difference and spectral similarity for PDI-octyl and PDI-hexhep, respectively.](ae9b01490_0006){#fig6}

3.4. Exciton Diffusion in PDI/ZnPc Planar Heterojunctions {#sec3.4}
---------------------------------------------------------

In order to gain insight in the diffusion of excitons in PDI-octyl and PDI-hexhep we have performed TRMC photoconductivity measurements as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a. In [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a, the photoconductance transients obtained upon photoexciting bilayers of PDI-octyl/ZnPc and PDI-hexhep/ZnPc (50/30 nm) are compared with the photoconductance of the PDI-octyl and ZnPc layers. There is negligible photoconductivity in these single layers. However, the photoconductance maximum increases by a factor 40 and four upon forming the PDI-octyl/ZnPc and PDI-hexhep/ZnPc bilayers, respectively.

![(a) Photoconductance transients are shown for a 50 nm PDI and 30 nm ZnPc single film and 50/30 nm bilayer at an incident photon fluence of 1 × 10^13^--1 × 10^14^ photons/cm^2^ upon 490/495 nm excitation for both PDI-octyl and PDI-hexhep (dots). The solid lines represent the triexponential function of [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} that is applied to fit the transients. (b) The photon fluence dependence of *η*~0~Σμ is represented for a 50/30 nm PDI-octyl/ZnPc (490 nm) and PDI-hexhep/ZnPc bilayer (495 nm) upon FS and BS excitation.](ae9b01490_0007){#fig7}

This can be explained by considering the energy diagram shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The energy difference between the LUMO of ZnPc and PDI is 0.3 eV and that between the HOMO of ZnPc and PDI is 0.19 eV. The LUMO offset is significantly larger than the typical binding energy of singlet excitons in organic solids (0.06 eV).^[@ref52],[@ref53]^ Therefore, all singlet excitons reaching the interface will dissociate, which cannot happen in a single layer structure. However, the 0.3 eV offset is likely not enough for triplet excitons to charge separate as their binding energy is higher than that of singlets due to the exchange energy.^[@ref14],[@ref53]^

The charge carrier lifetime exceeds a microsecond. We fit the bilayer transients using the triexponential decay function described in [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} represented by the solid lines in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a. The photoconductance prior to electron--hole recombination Δ*G*~0~ and carrier kinetics obtained from the fitting are provided in [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf) and are comparable to values found in an earlier TRMC study on thin film bulk heterojunction systems of soluble PDIs and copper phthalocyanine.^[@ref25]^ Using [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}, Δ*G*~0~ is converted to *η*~0~Σμ and shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b as a function of the incident photon fluence *I*~o~. We observe a fluence independent photoconductance regime below an *I*~o~ of 2 × 10^12^ photons/cm^2^ for PDI-octyl, while due to the low signal-to-noise ratio in the PDI-hexhep/ZnPc bilayer it was not possible to measure photoconductivity below 1 × 10^13^ photons/cm^2^. The low photoconductivity of the PDI-hexhep/ZnPc bilayer may be due to a low charge carrier mobility and/or charge separation yield. We observe a decrease in photoconductance for both bilayers at fluences that are higher than 2 × 10^12^ photons/cm^2^ that we attribute to second-order charge recombination,^[@ref40]^ which we kept to a minimum during our measurements. The low photoconductivity in the single layers is caused by negligible exciton dissociation and, therefore, a low yield of free and mobile charge carriers. However, in the bilayer heterojunction the charges can separate at the ZnPc-PDI interface between ZnPc and PDI. In this situation, the hole localizes in the ZnPc and the electron in the PDI. Possible reasons for the higher photoconductivity of the PDI-octyl bilayer than the PDI-hexhep bilayer are a higher PDI-octyl electron mobility and a higher yield of free and mobile charge carriers upon photon absorption. The 10-fold higher charge carrier mobility of PDI-octyl found in the pulse radiolysis measurements described above is in agreement with this difference in the photoconductivity.

In [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a, we show *η*~0~Σμ in the fluence independent photoconductance regime of the PDI-octyl/ZnPc bilayers as a function of PDI film thickness. Upon front side illumination at 490 nm, we observe an increasing *η*~0~Σμ that saturates at 100 nm. In contrast, upon back side bilayer illumination *η*~0~Σμ reaches a maximum at 50 nm and decreases at higher PDI thicknesses. We explain these trends as follows using the schematic representation shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b. Upon front side (FS) illumination, light is absorbed by both the ZnPc (30 nm thickness) and the PDI where excitons are generated in both materials thus contributing to the photoconductance. These excitons form charge transfer excitons that dissociate at the interface by transferring electrons to the PDI (LUMO offset 0.3 eV) and holes to the ZnPc (HOMO offset 0.19 eV) that are responsible for the photoconductance.^[@ref54]^ As the PDI thickness increases, more excitons are created and *η*~0~Σμ increases. At a PDI thickness of 50 nm, the linear trend in photoconductance as a function of PDI thickness becomes sublinear as only a fraction of the excitons created beyond 50 nm is capable of diffusing toward the interface and charge separate, while the rest of these excitons undergo recombination. Therefore, the gain in free charge carriers diminishes upon increasing the PDI thickness and the photoconductance trend saturates. Consequently, the exciton diffusion length plays a pivotal role in the observed photoconductive behavior. Moreover, when the PDI excitons are primarily generated near the PDI/substrate interface, most excitons need to diffuse to the heterojunction interface in order to charge separate. Indeed, upon back side (BS) illumination the photoconductance follows a similar trend as in FS illumination up until 50 nm, where exciton diffusion is no limitation to the charge carrier yield. Beyond this length a decreasing amount of PDI excitons reach the PDI/ZnPc interface and less excitons are generated within the ZnPc such that *η*~0~*Σμ* decreases beyond 50 nm and eventually reduces to zero. We fit the data points in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} with the exciton model described by [eqs [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"} and [S2](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf) and find *φ*~CS~Σμ = 0.0152 cm^2^/(V s) and Λ~EXC~ = 59.91 nm for PDI-octyl using α = 7.96 × 10^6^ m^2^ (at 490 nm). If we assume a unity yield of charge separation, *φ*~CS~, then the charge carrier mobility *Σμ* in the thin film would be a factor 50 lower than in the powder as determined from PR-TRMC. However, a unity *φ*~CS~ is unlikely since exciton recombination and geminate interfacial charge recombination are likely to happen. Selective excitation of ZnPc in the PDI-octyl/ZnPc show similar *η*~0~Σμ trends and values as PDI excitation close to the interface. The similarity in *η*~0~Σμ values points to equal charge separation efficiency when exciting either ZnPc or PDI. We did not carry out the diffusion length determination for PDI-hexhep because the low signal-to-noise ratio in the PDI-hexhep bilayers.

![(a) *η*~0~Σμ values as a function of PDI thickness of PDI-octyl/ZnPc bilayers (fixed ZnPc thickness of 30 nm). The data are shown for all excitation conditions together with a fit obtained after applying the exciton diffusion model. (b) Schematic representation of the planar heterojunction samples on fused silica. The samples are photo excited with laser pulses from the front side (FS) or back side (BS). The yellow profile represents the PDI excitation profile *I*(*x*) in the sample and depends on the absorption coefficient. Excitons created further away from the heterojunction interface have to diffuse to the interface via exciton hopping. During diffusion they can recombine, process that limits their lifetime and diffusion length Λ~exc~.](ae9b01490_0008){#fig8}

3.5. Exciton Diffusion in TiO~2~/PDI Planar Heterojunctions {#sec3.5}
-----------------------------------------------------------

To examine a possible relationship between substrate and PDI supramolecular packing and exciton diffusion length, we deposit the PDIs on polycrystalline TiO~2~ coated fused silica. TiO~2~ forms a functional inorganic/organic heterojunction with PDI, where PDI acts as electron donor and injects electrons into the TiO~2~ conduction band upon photoexcitation and is used to study the exciton diffusion length in the same manner as in the PDI/ZnPc bilayers. However, the added benefit of using TiO~2~ over ZnPc is the higher TiO~2~ electron mobility (*μ*~e*--*~ = 1 cm^2^/(V s)) and long charge carrier lifetime (μs--ms)^[@ref55]^ that is beneficial for the photoconductivity. In [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a--d, we show the photoconductance transients for single layered films of TiO~2~, PDI-octyl (-hexhep) and a TiO~2~/PDI-octyl (-hexhep) bilayer, respectively, upon selectively photoexciting the PDI. We observe a 10-fold and 6-fold increase in peak photoconductivity upon combining TiO~2~ and PDI-octyl and PDI-hexhep when compared to that of the single layer films. In [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b and [9](#fig9){ref-type="fig"}d, we show the action spectrum for the TiO~2~/PDI-octyl and TiO~2~/PDI-hexhep bilayer, respectively. The action spectrum contains values for ηΣμ as a function of excitation wavelength and is plotted together with the bilayer absorptance spectrum. Since TiO~2~ is a wide bandgap semiconductor, its absorption in the visible part of the spectrum is negligible such that PDI is the primary absorbing species. A minor absorption by TiO~2~ intrabandgap states occurs in the visible. The photoconductivity of TiO~2~ due to intrabandgap state absorption can be measured and it is subtracted from that of the bilayer response as detailed elsewhere.^[@ref55]^ The bilayer photoconductivity is higher when light incites the sample at the heterojunction interface (BS) compared to when it enters the sample at the PDI--air interface (FS). Furthermore, the trend displayed ηΣμ as a function of excitation wavelength matches that of the absorption spectrum when the bilayer is excited near the heterojunction interface. We attribute this agreement to selective PDI excitation and subsequent charge separation and electron injection at the TiO~2~/PDI interface. The mismatch in trend between ηΣμ and absorptance can be explained by a relatively lower number of injected electrons in TiO~2~ since the majority of the excitons have decayed due to the limited exciton diffusion length as we described for the PDI/ZnPc bilayers. We apply the same exciton diffusion model used to model the PDI/ZnPc bilayers described by [eqs [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"} and [S2](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf) to estimate an exciton diffusion length for PDI-octyl and PDI-hexhep of which we outline the procedure in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf). For PDI-octyl, we obtain *φ*~CS~Σμ = 0.04 cm^2^/(V s) and Λ~EXC~ = 48.05 nm, and for PDI-hexhep, a *φ*~CS~Σμ = 0.064 cm^2^/(V s) and Λ~EXC~ = 19.6 nm. In the model, we fixed *L* (*L* = 100 nm for PDI-octyl and *L* = 30 nm for PDI-hexhep). The fit parameters together with the charge carrier mobilities and exciton diffusion length from the PDI-octyl/ZnPc bilayer are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

![(a) Photoconductivity transients of a single layer film of pol-TiO~2~, PDI-octyl (50 nm) and a TiO~2~/PDI-octyl (50 nm) bilayer at *I*~0~ = 2.3 × 10^12^ photons/cm^2^ upon BS excitation. (b) Action spectrum of *η*~0~Σμ and attenuation spectrum versus excitation wavelength for the TiO~2~/PDI-octyl (50 nm) bilayer. (c) Photoconductivity transients for a single layer film of pol-TiO~2~ and PDI-hexhep (38 nm) and a TiO~2~/PDI-hexhep (38 nm) bilayer at *I*~0~ = 2.3 × 10^12^ photons/cm^2^ upon BS excitation. Similar to panel b, panel d contains the action spectrum for the TiO~2~/PDI-hexhep (38 nm) bilayer.](ae9b01490_0009){#fig9}

###### Charge Carrier and Exciton Diffusion Parameters for PDI-octyl and -hexhep as Obtained from Analysis of PR- and FP-TRMC Experiments[a](#tbl1-fn1){ref-type="table-fn"}

                       PDI/ZnPc    TiO~2~/PDI                                                                  
  -------------------- ----------- -------------------- --------------- --------- ------------------ --------- -------
  PDI-octyl            0.32        7.96 × 10^6^         1.5 × 10^--2^   59.90     FS 1.3 × 10^--2^   FS 0.55   FS 64
  BS 1.5 × 10^--2^     BS 0.73     BS 61                                                                       
  avg. 1.4 × 10^--2^   avg. 0.64   avg. 62.5                                                                   
  PDI-hexhep           0.02        4.40 × 10^6^                                   FS 6.6 × 10^--2^   FS 3.1    FS 18
                                   BS 8.3 × 10^--2^     BS 3.9          BS 18                                  
                                   avg. 7.4 × 10^--2^   avg. 3.5        avg. 18                                

*φ*~CS~*Σμ* and Λ~EXC~ were obtained upon application of the exciton diffusion model described by [eqs [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"}, [S2](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf), and [S3](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf).

*μ*~e*--*~ = 2.24 and 2.14 cm^2^/(V s) for TiO~2~/PDI-octyl and TiO~2~/PDI-hexhep, respectively.

We use the TiO~2~ film specific electron mobility to calculate an incident photon to charge separation efficiency *φ*~CS~ of 0.64% and 3.5% for PDI-octyl and PDI-hexhep, respectively, averaged over front- and backside excitation. These efficiencies are similar to those found for electron injection from porphyrins into TiO~2~ using the same experimental setup. The relatively low *φ*~CS~ values can be due to various loss mechanisms.^[@ref43],[@ref44]^ The first is inefficient coupling between the organic materials and the TiO~2~ layer because of strong crystallization of PDI, possibly resulting in a barrier of alkyl chains at the interface.^[@ref56]^ This small resulting injection rate gives dominance to alternative decay processes in the PDI. Additionally, if charge injection is followed by fast recombination at the interface, this results in a reduced observed *φ*~CS.~ The mobility of charge in TiO~2~ is not affected by these processes and has been independently determined as discussed in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf). The magnitude of Λ~EXC~ of PDI-octyl that we find for the PDI-octyl/ZnPc and TiO~2~/PDI-octyl heterojunction is very similar (\<10% difference), indicating that the intrinsic Λ~EXC~ is specific for the material and not affected by the interface. This observation is notable considering the difference in aggregate size in the two systems. One would expect a larger diffusion length for larger domain size as the limiting step in the transport is likely to be the interdomain hopping. If the distance between interdomain hops decreases, a larger overall diffusion length would be expected. Interestingly, in this case, such a difference is not observed, indicating that interdomain transport is not limiting transport in this case.^[@ref57],[@ref58]^

One estimate for the singlet exciton diffusion coefficient *D*~EXC~ can be obtained using [eq [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"} and assuming pure singlet character transport of our excitons. In this calculation, we use our estimate of the exciton diffusion length and exciton lifetime (*τ*~EXC~ = 550 ps and 1.13 ns for PDI-octyl and PDI-hexhep, see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c) of the thin film, resulting in *D*~EXC~ = 6.47 × 10^--2^--7.04 × 10^--2^ cm^2^/s and *D*~EXC~ = 2.87 × 10^--3^ cm^2^/s for PDI-octyl and PDI-hexhep, respectively. Using the Einstein--Smoluchowski relation ([eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}) and mobility values from the TRMC measurements on PDI powders, we estimate a charge carrier diffusion coefficient *D*~CHARGE~ = 8.23 × 10^--3^ cm^2^/s and *D*~CHARGE~ = 5.14 × 10^--4^ cm^2^/s for PDI-octyl and PDI-hexhep, respectively. The ratio of these two charge carrier diffusion coefficients is 16, which is similar to the ratio of the exciton diffusion coefficients discussed above (22.6). If the exciton diffusion is governed by the Förster mechanism a smaller dependence on distance would be expected. A relevant aspect here is the partial triplet character of the excitons as shown by transient absorption studies that confirm the presence of singlet fission in PDI-octyl.^[@ref4],[@ref6]^ The triplet character results in much longer exciton lifetimes than for pure singlet species, and the Dexter transfer mechanism for triplets can be considered as a double electron transfer process, making it similar to electron and hole transfer. However, this particular study did not involve in the discrimination of these contributions and conclude that the studied excitons are singlets with possibly a certain amount triplet contribution.

4. Conclusion {#sec4}
=============

In this study, we investigated the effect of imide substitution in PDIs on their solid-state packing and optoelectronic properties. We found a strong influence of the imide substituent on the intermolecular packing of the molecules in the solid-state. The variation in side-chain substitution affected the extent of crystallization in the powder but is less significant in vacuum deposited thin films. In these films, macromolecular organization forming fibrous structures occurred for both PDIs. However, an order of magnitude difference in charge carrier mobility was found that can be related to differences in electronic coupling values. We measured an order of magnitude difference in maximum photoconductance *ΔG*~MAX~*/βeI*~o~ in bilayer heterojunctions of PDI-octyl/ZnPc and PDI-hexhep/ZnPc, owing to the difference in intrinsic charge carrier mobility and lower exciton diffusion length. Using TRMC measurements on PDI/ZnPc heterojunctions with different PDI-octyl thicknesses, we could determine an exciton diffusion length of 60 nm that agrees with earlier found values for related PDIs and structures. Using TiO~2~ as underlayer for the PDI film instead of fused silica did not strongly affect solid-state packing for the PDIs. Using TiO~2~, we determined a singlet exciton diffusion length of 18 nm for PDI-hexhep, which is a factor three lower than observed for PDI-octyl and confirmed the same exciton diffusion length for PDI-octyl found from the study on the PDI/ZnPc bilayer. The charge separation efficiencies for PDI-octyl and PDI-hexhep are 0.64 and 3.5%. This study serves to show how different molecular packings of electronically similar molecules can lead to strong differences in charge carrier mobilities, while having a surprisingly small effect on the exciton diffusion length. These results offer a complete view of intrinsic organic chromophore properties relevant to optoelectronic devices.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsaem.9b01490](http://pubs.acs.org/doi/abs/10.1021/acsaem.9b01490).Target and measured PDI film thicknesses, thin film crystallite domain size estimation using the Scherrer equation, SEM images of 30 and 100 nm thick annealed PDI layers on fused silica, SEM images of uncoated fused silica and TiO~2~ layers on fused silica, optical properties of PDI-octyl, PDI-hexhep and ZnPc, XRD of TiO~2~/PDI heterojunctions, TRMC photon fluence dependence charge carrier kinetics for PDI-octyl, table with kinetic parameters obtained from fitting of PDI-octyl TRMC transients, TRMC charge carrier kinetics for PDI-hexhep thin films of variable thickness, methodology for exciton diffusion length determination, and determination of the TiO~2~ electron mobility ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf))
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